Hemolysin (HlyA) is an extracellular protein toxin (117 kDa) secreted by Escherichia colithat targets the plasma membranes of eukaryotic cells. We studied the interaction of this toxin with membranes using planar phospholipid bilayers. For all lipid mixtures tested, addition of nanomolar concentrations of toxin resulted in an increase of membrane conductance and a decrease in membrane stability. HlyA decreased membrane lifetime up to three orders of magnitude in a voltage-dependent manner. Using a theory for lipidie pore formation, we analyzed these data to quantify how HlyA diminished the line tension of the membrane (i.e., the energy required to form the edge of a new pore). However, in contrast to the expectation that adding the positive curvature agent lysophosphatidylcholine would synergistically lower line tension, its addition significantly stabilized HlyA-treated membranes. HlyA also appeared to thicken bilayers to which it was added. We discuss these results in terms of models for proteolipidic pores.
INTRODUCTION
Escherichia coli remains the most common gram-negative bacterial species isolated from infections in hospitalized patients, and it is a frequent cause of extraintestinal diseases such as infections of the urinary tract, pneumonia, and men ingitis, which sometimes lead to severe forms of septicemia (1) . The immediate cause of these diseases is a 117-kDa protein toxin, a-hemolysin (HlyA), produced and secreted only by virulent strains of these bacteria (2) .
HlyA is considered to be the prototype of a family of toxins called RTX (repeat in toxin), a series of protein toxins that contain a number of glycineand aspartate-rich nona peptide tandem repeats with a consensus sequence X-Leu-X-Gly-Gly-X-X-Gly-Asp-Asp-Asp near their C-terminal ends. This family includes Enterohemorrhagic 0:157 hemolysin, E. coli hemolysin, the leukotoxin of Pasteurella haemolytica, the hemolysin and leukotoxin of Actinobacillus, the bifunctional adenylato-cyclase-hemolysin of Bordetella per tussis, and the hemolysins of Proteus vulgaris, Morganella morganii, and Moraxella bovis. All of these toxins have 30-50% sequence identity to E.coli a-HlyA and share genetic and structural features (3) .
Comparison of hydrophobic properties of all six toxins indicates the presence of a conserved cluster of nine con tiguous amphiphilic helices, located in the N-terminal half of the molecule, which would be involved in pore formation in the target membranes (4) .
Lipid bilayer experiments with asolectin membranes demonstrated that HlyA increases membrane conductance by many orders of magnitude in a concentration-dependent fashion. Single-channel recordings revealed that HlyA in duces formation of channels with mean conductance of -400 pS in NaCl or 500 pS in KC1 bathing solution (5) . Menestrina et al. reported that HlyA forms pores in planar lipid bilayers composed of phosphatidylcholine/phosphatidylethanolamine (5:1) and does not require the presence of negatively charged lipids in the membrane. They suggest that either a single HlyA molecule or an aggregate reassembled in solution can form a pore. Once bound to a membrane, HlyA behaves as an intrinsic protein, and the pore formed in the planar bilayer (either in the open or in the closed configura tion) is not in rapid equilibrium with the bulk solution and thus will not detach from the lipid film by thorough perfusion with toxin-free solution. The pore has a large conductance, cation selectivity, and a complex gating mechanism, fluctu ating among fully open states, a low-conductance state, and a closed state (6, 7) .
However, an alternative proposal that HlyA disrupts membranes by either a detergent-like activity or a monolayer-specific disruption had been suggested by Soloaga et al. (8) . Other results that contradict the concept of static pore formation were obtained by Moayeri and Welch (9) , who observed that the degree of osmotic protection of erythro cytes afforded by protectants of varying sizes depends on the amount of the toxin applied and the duration of the assay, suggesting that HlyA creates a lesion with a very small initial size that increases in apparent diameter over time.
We found that pores formed in lipid bilayers by HlyA are not as well defined as typical proteinaceous ionic channels, and properties of these pores depend on membrane compo sition. These data suggest that initial HlyA pores, like pores formed by a number of other amphiphilic peptides (10), pro mote the local breakdown of the membrane bilayer structure, doi: 10.1529/biophysj.106.090019 creating a pore with a surface formed partially or completely by polar lipid headgroups.
MATERIALS AND METHODS

Protein isolation, analysis, and storage
E. coll «-hemolysin («-HlyA) was purified from culture filtrates of over producing strains of E.coli WAM 1824, kindly provided by R. A. Welch. The cultures were grown to late phase in LB to an optical density of 0.8-1.0 at 600 run. The cells were pelleted, and the supernatant was concentrated and partially purified by precipitation with 20% cold ethanol at the isolectric point (pH 4.5). Purity was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in a 4-12% gel at 135 V for 90 min with BSA as standard ( Fig. 1 ). Proteins were visualized by stain with a sypro orange protein stain gel (Molecular Probes, Eugene, OR). Wet gel was scanned, and data were analyzed using Image Gauge software (Fuji Film, Stamford, CT). It was determined that the 117-kDa protein fraction was 85% of the total proteins in this sample. Preparation hemolytic activity was ~ 104 HU/ml. Stock solution of the protein was stored frozen in tubes at -70°C. 
Phospholipid membrane formation, current measurements, and chemicals
We used bilayers formed from a 20 mg/ml lipid solution in decane by the Mueller-Rudin technique (11) . To study membrane conductance and to mea sure membrane lifetimes under different voltages, we used a Delrin chamber (Warner Instruments, Hamden, CT).
For measurements of membrane specific capacitance and surface tension we used a symmetrical chamber similar to one described earlier, milled from Teflon with glass windows on both sides (12) . The hole in the 0.05-mmthick Teflon partition was 0.4 mm in diameter. A custom-made video micro scope with 200X magnification was used for visual control of bilayer membrane (BLM) formation and quality. Both compartments were filled with 2.5-ml volumes of BLM bathing solution.
Ag/AgCl electrodes (In Vivo Metric, Ukiah, CA) were connected with the membrane bathing solution through 200-/al pipette tips with long thin ends filled with 2% agarose in 0.2 M KC1. An electrode placed in the cis compartment was connected to virtual ground. Because protein was added mostly to the cis compartment, we assigned the sign of the potential to the cis side. The other electrode, in the trans compartment, was connected to the input of an Axopatch 200B voltage-clamp amplifier (Axon Instruments, Union City, CA). After protein addition, the solution was stirred for 30-60 s using a miniature magnetic stirrer.
Lipids, asolectin (polar extract), dioleoylphosphatidylcholine (DOPC), dioleoylphosphatidylethanolamine (DOPE), and oleoyl-LysoPC (LPC) were purchased from Avanti Polar Lipids (Alabaster, AL). Heptane, hexadecane, and salts were purchased from Sigma Chemical (St. Louis, MO). Solutions were prepared using deionized, bidistilled water. Data were recorded on a computer disk using Axon Instruments Digidata 1322 A/D converter and pCLAMP 8. 
Measurements of surface tension and membrane stability
Membrane capacitance, C, was determined from the capacitive current in response to the application of 25 V/s linear voltage ramps with an amplitude 25 mV. Specific capacitance (capacitance per square centimeter of mem brane) was calculated after subtraction of chamber capacitance (measured with the hole in the Teflon filled with a large drop of lipid solution). The area of the bilayers was estimated with an accuracy of -5%.
Surface tension a was found by measuring the change in membrane capacitance under the given hydrostatic pressure gradient (13) .
Bilayer lifetimes, q, were defined as the time from a step in voltage to the onset of irreversible rupture of the membranes. In purely lipidic systems, irreversible breakdown of bilayers in an electric field results from the development of lipidic pores of an overcritical radius, which tend to spon taneous expansion (14, 15) . The experimental dependencies of the mean q (averaged over no less than 10 measurements) on voltage applied, U, were fit with the theoretical expression based on the general theory for lipidic pore formation and phospholipid rupture under high electrical held. The depen dence of the lifetime of the membrane on the applied voltage can be de scribed by the theoretical expression:
where A is a preexponential factor dependent on some additional model assumptions, y (linear tension of pore in the lipid bilayer) is the work of formation of the unit of the pore perimeter, k is the Boltzmann constant, T is the temperature in K, C is the specific capacitance of the membrane, a is the surface tension, and £w -80 and £m -2 are the dielectric permittivity of water and membrane, respectively. Linear tension is a key parameter in lipidic pore development because it quantifies the work needed to form a unit of pore perimeter and gives a measure of the membrane's resistance to rupture (16) . The least-squares method was applied to compute the values of y and A, providing the best agreement between calculated and experimental lifetimes. 
Differential scanning calorimetry
Multilamellar vesicles (MLV) from egg phosphatidylethanolamine (EPE) were made by vortex mixing of the dried lipid dispersed (15-20 mg/ml) in 10 mM Tris HC1,150 mM NaCl buffer in absence or presence of HlyA at a lipid/ protein ratio of 104. Dispersions were hermetically sealed in aluminum pans, and an empty double pan served as reference. The bilayer-to-hexagonal phase transition temperature of the lipid was measured using a DuPont model 910 calorimeter or DSC Polymer Laboratories equipment (Rheometric Scientific, Piscataway, NJ). The samples were analyzed at 5°C/min in a range of 20-90°C. The equipment was calibrated at a heating rate of 5°C/min using indium, lauric acid, and stearic acid (p.a.) as standards. All tests were repeated at least twice.
RESULTS
Conductance of lipid membranes treated with HlyA
Within 10-15 min after addition of 2.5 nM HlyA (final concentration) to the aqueous solution bathing a planar phospholipid BLM, the membrane conductance increased irrespective of lipid composition. In agreement with earlier studies of HlyA (5), in asolectin membranes, the time of delay between protein addition and conductance increase was sig nificantly shorter than that in membranes formed from either PC or PE (single-component systems whose lipids comprise asolectin). Likewise, once initiated, the rate of the conduc tance increase was faster in asolectin than in membranes formed from either PC or PE. Pore formation was strongly potential dependent ( Fig. 2 ). Although some increase in conductance was observed at all potentials, those positive on the side of protein addition caused the membrane conductance to increase much faster. Usually, one or two long-lasting conductance steps were followed by a Time, s noisier conductance increase, but quite often only noisy conductance fluctuations were observed (Fig. 2, inset) .
Membranes formed from DOPC and DOPC/1 % LPC were relatively stable in the presence of HlyA at positive trans bilayer potentials. The records were quite noisy and, com pared to asolectin, had a much smaller fraction of square "box"-like patterns reminiscent of recordings of welldefined ionic channels. Addition of HlyA to DOPE mem branes also resulted in membrane breakage soon after a small number of protein molecules had presumably incorporated into membranes at positive potential, as judged by conduc tance increments. For all phospholipid compositions, we always observed a variety of conductance increments: step like, short spikes, and noisy fluctuations.
Amplitude histograms of step-like conductances depended on the lipid composition ( Fig. 3) , showing a broad distribu tion for DOPE membranes and relatively narrow peaks for DOPC, DOPC/LPC, and asolectin, membranes with maxima at 0.40, 0.34, 0.22, and 0.75 nS, respectively. An interesting observation is that the asolectin used in our assays contained 22.1% phosphatidylethanolamine, 18.4% phosphatidylino sitol, 45.7% phosphatidylcholine, 6.9% phosphatidic acid, and 0% LPC as reported by Avanti Polar Lipid.
Monovalent cation permeability
Because of membrane instability, it was difficult to have enough time to wash out unbound protein by perfusion for conventional recording of current/voltage (Z/V) dependencies in HlyA-modified membranes. However, at low HlyA con centration, the rate of conductance increase was slow, and it was possible to get almost undistorted I!V dependencies using a fast recording protocol. In asymmetric NaCl solutions, HlyA-permeabilized membranes were predominantly Na+ selective with no significant differences in selectivity for different lipid compositions (Table 1) .
Membrane stability and linear tension
A significant decrease in the lifetimes of membranes after addition of HlyA was noted during the conductance mea surements described above. To quantify this effect, we per formed a series of experiments with application of different high potentials to membrane. Membranes were formed either in the presence or in the absence of HlyA at zero trans membrane potential. The potential was switched to a high level (150-400 mV) 3-5 min later, and the time between the rise of potential and the onset of BLM breakdown was measured. The decrease of membrane lifetime with HlyA treatment at different potentials was dependent on the membrane lipid composition (Fig. 4, A-C) . The numerical values for mem brane lifetime decrement caused by HlyA are shown in Fig. 4 D for DOPC, DOPE, and DOPC/LysoPC BLMs (at 200 mV).
In order to evaluate the HlyA effect on BLM line tension, we also measured membrane specific capacitance and surface CONDUCTANCE, nS CONDUCTANCE, nS tension of BLM in the presence and absence of protein. We found that two-sided addition of HlyA to BLMs caused a statistically significant decrease in membrane specific capac itance but no significant change in membrane surface tension for all lipid compositions tested (Fig. 5, A and B) . Least-square error fitting (16) of voltage dependencies shown in Fig. 4 demonstrate a significant decrease in line tension in the presence of HlyA for all membrane compositions (Fig. 6 ).
Differential scanning calorimetry
The shift in the bilayer-to-hexagonal HII phase transition temperature is taken as an indirect but sensitive measure of protein ability to enhance or reduce negative curvature strain. It is known that proteins inducing a negative curvature strain in the plane of the membrane decrease the lamellarhexagonal phase transition temperature (Th), whereas those imposing positive curvature strain increase TH (17) . Egg PE liposomes exhibited a Th of 49°C in the absence of protein.
HlyA shifted TH only 3°C to a higher temperature even at high (104) lipid/protein molar ratio (Fig. 7) .
DISCUSSION
There is substantial debate as to just how HlyA creates lesions in target cell membranes. Our data demonstrate that HlyA (18) , and to lipidie pores, which have parameters more dependent on membrane composition (19) . Even in asolectin membranes, only a few step-like conductance increments were observed before noisy conductance fluctuations become responsible for the most of the increase in conductance (Fig. 2 ). An amplitude histogram of HlyA pores (Fig. 3) demonstrates a significant dependence of pore size on membrane phospholipid composition, indi cating a possible participation of lipid in the structure of a pore. The same seems to be true for the cation/anion selec tivity of HlyA-treated membranes. We found that the cation/ anion selectivity of HlyA in BLM formed from noncharged lipids is little dependent on lipid composition (Table 1 ) but is 1.5-2 times lower than reported by Benz et al. (5) for HlyA in negatively charged asolectin membranes. Because selectivity of a water-filled pore is determined by charges on the pore wall, these data are in an agreement with the model of a lipidlined pore. However, we cannot rule out the possibility that the pore is purely proteinaceous but sensitive to the nature of the surrounding lipids. The data on membrane lifetime measure ments are certainly consistent with models featuring proteolipidic pores. Just as with other peptides and proteins studied earlier (sPBl-F2, Bax, cleaved Bcl-xl, and P828, the amphi philic helix of HIV gp-41 (16, (19) (20) (21) ), HlyA induced a de crease in membrane lifetime that is adequately described by the well-established theory of lipidie pores induced by trans membrane potential (14, 15) . This phenomenon is not pre dicted by models featuring insertion and opening of a purely proteinaceous channel, which have little effect on membrane lifetimes as verified quantitatively for one example (21) .
Potential, mV Potential, mV We found that HlyA is a very potent membrane desta bilizer that lowers the energy barrier for pore development (Fig. 6 ). It is relatively easy to explain how small detergent molecules or lipids that mix with membrane lipids in high ratio decrease pore energy by altering the intrinsic curvature of the membrane monolayer; these molecules form micelles, and the edge of a lipidic pore is thought to be half a micelle rotated about the center of the pore. However, the mecha nism of action of large proteins such as HlyA may be different from a simple, positive curvature-related action of small mole cules. As we suggested earlier for another membrane-desta bilizing protein, sPBl-F2 (21), the hydrophilic/hydrophobic mismatch in lipid bilayer packing around the protein may reduce the energy cost of subsequent pore enlargement that is equivalent to a pore line tension decrease measured exper imentally. In the case of HlyA, this mechanism is supported by the finding that the thermotropically driven lamellar-toinverted-hexagonal phase transition of PE membrane (a measure of HlyA effect on the intrinsic monolayer curvature) is not significantly changed in the presence of HlyA (Fig. 7) .
Interestingly, in contrast to other known membrane destabilizing proteins, HlyA causes a statistically significant decrease in the membrane specific capacitance for all three lipid compositions tested ( Fig. 5 A) . A likely explanation of this effect is an increase of the mean membrane thickness as a result of reorganization of hydrocarbon chains on interaction with HlyA (essentially straightening out chains). This 18% thickening can be compared to the much smaller changes induced by other proteolipidic pore-forming proteins: 0.43 ± 0.003 to 0.45 ± 0.005 for Bax (16) and 0.61 ±0.0 Ito 0.61 ± 0.01 for PB1-F2 (21) in the absence and present of protein, respectively.
Another interesting feature of the interaction of HlyA with membranes is the increased stability of LPC-containing BLMs. Usually, LPC is a membrane-destabilizing agent (22) . In the case of Bax, LPC promotes Bax-dependent liposome leakage (16) . In contrast, the numerical values for membrane lifetime decrement caused by HlyA are 719 and 230 for PC and PE BLMs, respectively (at 200 mV), and only 21 for PC/LPC BLMs (Fig. 4 D) . Because it was shown that HlyA binding to PC and PE liposomes is practically independent of lipid composition (23) , it is unlikely that lipid dependence of HlyA binding is responsible for the observed differences in membrane stability. The most feasible explanation of this paradox in terms of molecular shape and membrane cur vature seems to be related to HlyA-induced increase in mem brane thickness. Generally, facilitation of pore expansion and membrane breakdown by molecules with positive sponta neous curvature (such as lysophospholipids) is explained by the decrease in energy per unit length (line tension) required to form pore edges of a short large pore whose integral geometric monolayer curvature is positive, whereas nonlamellar lipids with negative intrinsic curvature (such as diacylglycerol and PE) increase free energy (per unit length of the edge) for pore creation. In a toroid, positive curvature is found perpendicular to the plane of the membrane, but negative curvature is present in the plane of the membrane all around the pore (24, 25) . With the increased length of the pore, overall curvature of the pore shifts to negative values (Fig. 8) , making long pores energetically less favorable in membranes that contain lipids with positive spontaneous curvature. In other words, LPC may prevent the formation of the parts of the toroid that are predominantly negative in curvature and thereby stabilize the membrane. The dependence of HlyA pores on lipid composition in planar lipid bilayers is consistent with the data on liposome permeability. PE and cholesterol promote high leakage in the presence of HlyA (26) . Furthermore, LPC, which can negate the bilayer curvature effect of PE, also neutralized the lytic activity promoted by PE in liposomes (26) and in verted hexagonal (HII) phase lipid such as PE (27) and promotes pore formation by HlyA. Indeed, cholesterol and PE, lipids that promote negative spontaneous monolayer curvature, may promote HlyA pores by exactly same mech anism by which LPC inhibits HlyA pores, i.e., promoting long protein-supported lipidic pores with overall negative geometric curvature by fitting into the arcs of the pore that have predominantly negative curvature. DOPE with small headgroups favors spontaneous curvature or surface tension if the lamellar organization is imposed, as, e.g., in planar lipid bilayers. This generally affects peptide-lipid interaction (28) . In the case of alamethicin, these phospholipids shift the single-channel probability distribution toward higher-con ductance substates, and this is strongly correlated with spontaneous curvature or surface tension. In phosphatidyl ethanolamine and phosphatidylcholine binary lipid bilayers, increasing the mole fraction of the former impedes alamethi cin binding to the lipids, in agreement with the larger peptide concentrations that are needed to develop similar conduc tances (29) . This larger free energy of binding is linearly correlated with the spontaneous curvature or surface tension of the PE-rich bilayers concomitant with a local bilayer thinning that could be induced by the peptide (30) .
No lamellar lipids are known to influence the avidity of alamethicin for lipid membranes, and this has been related to the effects of curvature on alamethicin channel formation (30) . However, alamethicin channels are much more uni form in size and dynamic behavior than HlyA pores, and alamethicin does not affect the stability of planar phospho lipid BLMs as does HlyA. A previous x-ray diffraction mea surement showed that alamethicin adsorbed on the surface has the effect of thinning the bilayer in proportion to the peptide concentration. This may be because, locally, lipids whose headgroups are adjacent to alamethicin need to bend their chains below the peptide to fill in the volume of hydro carbon under the peptide (31) . A theoretical study showed that the energy cost of membrane thinning can indeed lead to peptide insertion: the thickness change with the percentage of insertion is consistent with the assumption that the hy drocarbon region of the bilayer matches the hydrophobic region of the inserted peptide, and the membrane deforma tion energy is the major driving force for the alamethicin in sertion transition (32) . However, pore formation by alamethicin, which induces membrane thinning, is inhibited by the incor poration of PE (33) . This is very similar to the effect seen for magainin (34) .
Several mechanisms have been proposed for amphipathic peptide-induced membrane permeabilization, and consider able controversy still exists. Alamethicin forms a "barrel stave channel," i.e., a bundle of membrane-spanning helices aligned with the polar side chains oriented toward the center. Cecropin and dermaseptin are suggested to disrupt bilayer organization by a "carpet-like mechanism," where a monolayer of surface-lying peptides covers the membrane surface (35, 36) . Bax-type proapoptotic proteins (37), the C-terminal peptide from human immunodeficiency virus envelope gly coprotein (20) , and PB1-F2 from influenza A (another pro apoptotic protein) (21) form lipidic pores that are promoted by positive curvature and inhibited by negative curvature. Thus, there may be more ways to build a lipidic pore than have been imagined in the classical model. We dedicate this paper to the memory of our great friend Gianfranco Menestrina.
